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We have studied the internal friction and the relative change in the speed of sound of amorphous 
diamond-like carbon films prepared by pulsed-laser deposition from 0.3 K to room temperature. Like 
the most of amorphous solids, the internal friction below 10 K exhibits a temperature independent 
plateau. The values of the internal friction plateau, however, are slightly below the universal "glassy 
range" where the internal frictions of almost all amorphous solids lie. Similar observations have been 
made in our earlier studies in the thin films of amorphous silicon and amorphous germanium, and 
the behavior could be well accounted for by the existence of the low-energy atomic tunneling states. 
In this work, we have varied the concentration of sp 3 versus sp 2 carbon atoms by increasing laser 
fluence from 1.5 to 30J/cm 2 . Our results show that both the internal friction and the speed of 
sound have a nonmonotonic dependence on sp 3 /sp 2 ratio with the values of the internal friction 
plateau varying between 6 x 10~ 5 and 1.1 x 10 -4 . We explain our findings as a result of a possible 
competition between the increase of atomic bonding and the increase of internal strain in the films, 
both of which are important in determining the tunneling states in amorphous solids. In contrast, 
no significant dependence of laser fluence is found in shear moduli of the films, which vary between 
220 and 250 GPa. The temperature dependence of the relative change in speed of sound, although 
it shows a similar nonmonotonic dependence on laser fluence as the internal friction, differs from 
those found in thin films of amorphous silicon and amorphous germanium, which we explain as 
having the same origin as the anomalous behavior recently observed in the speed of sound of thin 
nanocrystalline diamond films. 

PACS numbers: 62.40.-K, 63.50.+X, 68.35.Gy 



I. INTRODUCTION 

The origin of the vibrational low-energy excitations in 
virtually all amorphous solids is still a mystery in con- 
densed matter physics. The problem is not the lack of 
an experimental database or of theoretical descriptions, 
but rather the lack of a unified microscopic picture for 
the universality observed in almost all amorphous and 
certain disordered crystalline solids. Such microscopic 
picture would need to account for the remarkably sim- 
ilar behavior for a tremendously broad range of mate- 
rials that differ in every aspect from microstructure to 
compositioni 

Below 1 K, insulating amorphous solids have specific 
heat that is linear in temperature T and thermal con- 
ductivity that varies as T 2 , as was discovered in 1971 
by Zeller and Pohli^ The internal friction of amorphous 
solids is constant in the so-called plateau region below 
approximately 10 K to a characteristic temperature that 
depends on the measuring frequency, below which the 
internal friction starts to decrease and falls off even- 
tually as T 3 £ These and many other low-temperature 
properties of amorphous solids have been successfully ex- 
plained by the phenomenological Tunneling Model, pro- 
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posed by Anderson, Halperin, Varmaj* and indepen- 
dently by Phillips, 5 and extended by Jackie, 6 all in 1972. 
This model envisions that some atoms or groups of atoms 
sit in local double- or multi-well potentials inherent to 
their amorphous nature. At low enough temperatures, 
the individual wave functions overlap across the poten- 
tial barrier, which results in atomic tunneling with little 
cost of energy, and this gives rise to a broad distribution 
of vibrational low-energy tunneling states, often called as 
two- level tunneling systems (TLS). 

So far the most universal quantity of the Tunneling 
Model has been the so-called tunneling strength, defined 
as: 



where P is the spectral density of TLS, 7 their coupling 
energy to the lattice, p the mass density, and v the speed 
of sound. (Note that for simplicity, we have omitted 
the polarizations of phonon waves in this paper.) The 
quantity C can be accessed experimentally either in the 
thermal conductivity below 1 K or in the internal friction 
plateau below 10 K, and 10 -4 < C < 10~ 3 is found for 
almost all amorphous solids, even as the individual pa- 
rameters, such as pv 2 , can vary by as much as four orders 
of magnitude^ In addition, C is directly proportional to 
the ratio of the phonon wavelength A to the phonon mean 
free path I — a universal quantity that can be obtained 
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from experiments without use of any theoretical model. 
The ratio X/£ is found to lie between 10 -3 and 10~ 2 , 
even as A varies more than nine orders of magnitude in 
experiments^ 

In spite of its success, the Tunneling Model addresses 
neither the origin of TLS at the microscopic level nor the 
universal properties. Nevertheless, Phillips argued in his 
original work^ that TLS could occur naturally in some 
amorphous solids with an open structure, and are caused 
by atoms with a low coordination number that can tunnel 
among potential minima. He further speculated that if 
every atom were linked to more than two neighbors, the 
structure would be overconstrained and therefore rigid, 
so the double-well configurations would be unlikely. This 
should be the case for four- fold coordinated systems, like 
amorphous Si (a-Si) and amorphous Ge (a-Ge). 

Since a-Si and a-Ge could only be prepared as thin 
films, early studies on a-Si and a-Ge were inconclusive 
due to the low sensitivity of the techniques used to mea- 
sure thin filmsiS*2i 1 ii Following those pioneering stud- 
ies, we have used a high sensitivity technique to study 
the low-temperature internal friction of various types of 
thin films of a-Si, a-Ge, and also amorphous carbon (o- 
C)iii*i2iiii4 We have concluded that the four-fold coor- 
dinated tetrahedral bonding is indeed an important fac- 
tor in reducing the number of TLSii 3 - In certain hydro- 
genated a-Si films, the TLS can be made to disappear 
completely iii In some of the other cases, however, we 
have evidence to show that the overconstraint from tetra- 
hedral bonding leads to an increase of internal strain. 
That adversely causes an increase of the density of TLSi 1 ^ 

Alternatively, one might expect a progressive reduc- 
tion of TLS with the increase of the mean coordination 
number m in an amorphous system. According to the 
constraint-counting model proposed by Phillips 1 — in 1979 
and later by Thorpe^ in 1983, glasses can be divided 
into two categories: floppy and rigid. Rigidity perco- 
lates when the number of constraints per atom exceeds 
the number of degrees of freedom per atom. For a three- 
dimensional structure, the threshold is at m = 2.4. It was 
speculated^ that in the floppy region where m < 2.4, 
the TLS may have their origin in the excess degrees of 
freedom. In surface acoustic measurements, Duquesne 
and BellessaiS observed in amorphous Sei-^Ge^ that 
P decreases by a factor of 4 from x — to x = 0.4 
(2 < m < 2.8). But for x = 1 (pure a-Ge, m = 4), the 
P is the same as for x = 0.4 (m = 2.8), and no measure- 
ments were done for 0.4 < x < 1 (2.8 < m < 4). Brand 
and v. Lohneysenii measured the specific heat of amor- 
phous As^Sei-a, and found a nonmonotonic dependence 
of P on x after an initial decrease of P with increasing x 
up to x — 0.4 (m = 2.4). 

While it has been established that for m < 2.4, P 
decreases with increasing m, studies are scarce on the 
rigid side of amorphous solids, where atoms are not only 
strongly bonded but also overconstrained. New knowl- 
edge of how atomic bonding and internal strain can in- 
terplay with each other and influence TLS may help us 



TABLE I: Laser fluence, number of pulses, film thickness, 
room temperature shear modulus, and internal friction at 1 K 
are listed below. 
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to understand the origin of the low-energy excitations in 
amorphous solids. 

Amorphous diamond-like carbon films— have a unique 
combination of properties, such as high values of hard- 
ness, elastic moduli, electrical resistivity, and chemical 
inertness. These properties have stimulated considerable 
research and development interest for their applications 
in recent years; for a review, see Ref.^l The keys that 
lead to films with these superior properties are the ability 
to prepare films with low internal strain and with a high 
concentration of sp 3 atoms relative to sp 2 atomsi22*2i In 
this work, we systematically study the low-temperature 
internal friction of amorphous diamond-like carbon films 
prepared by pulsed laser deposition (PLD). We vary the 
laser fluence so that we can control the sp 3 and sp 2 con- 
centrations in the films to modify the mean coordination 
number between m = 3 and 4. Our results suggest an 
interplay between atomic bonding and internal strain. 



II. EXPERIMENTAL 

The films were deposited at the University of Trento 
at laser fluences ranging between 1.5 to 30 J/cm 2 , using 
highly oriented pyrolitic graphite as target^ The laser 
source was a KrF excimer laser of 248 nm wavelength, 
20 ns pulse duration, and 10 Hz repetition rate. In these 
experiments the deposition chamber was evacuated to 
reach pressures lower than 1.5 x 10 _6 torr before laser ir- 
radiation. The target-to-substrate distance was fixed at 
70 mm. The film deposition parameters have been chosen 
in such a way that films would be deposited with appro- 
priate atomic coordination, as carefully investigated in 
the Trento laboratory 21 ! 23 ! 24 Table U lists some of the 
film deposition parameters. According to refs.l2ll andl23l 
the sp 3 concentration would vary from 40 to 80%, as 
measured on similarly prepared films. 

Measurements of internal friction were performed us- 
ing the double-paddle oscillator (DPO) technique. 25 The 
DPOs were fabricated out of high purity P doped silicon 
wafers, which were (100) oriented and had resistivities 
> 5kf2cm. The overall dimension of a DPO is 28 mm 
high, 20 mm wide, and 0.3 mm thick; see Fig.Q] The 
DPO consists of a head, a neck, two wings, a leg, and a 
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FIG. 1: Outline of the double-paddle oscillator. The left 
side shows the front view, and the right side shows the back 
view. The hatched area in the front view is the amorphous 
diamond-like carbon film deposited through a stainless steel 
mask. On the back side of the paddle a thin Cr and Au film 
is covered in the gray area. The dashed circles indicate the 
position of electrodes for capacitive drive and detection. 



where t, p, and G are thicknesses, mass densities, and 
shear moduli of substrate and film, respectively; rj is the 
ratio of moments of inertia of the uncoated versus the 
coated part of head and neck, see Fig.^ We include here 
a correction term in Eq.|21 so that it will be valid even if 
*9fiim ^ s comparable to Q~\m& In Eq.|3 rj depends on the 
geometry and the coverage of the deposited film. For the 
film geometry shown in Fig.^ we have rj = 72. The shear 
modulus of the neck of the DPO along the (110) orienta- 
tion is G su b = 6.2 x 10 11 dyn/cm~ 2 . In order to obtain 
/sub, we used CF4 and O2 based reactive ion etching to 
remove the a-C films from their substrates, followed by 
an oven anneal at 700 °C for one hour to recover possi- 
ble reactive ion damage and to remove carbon residuals, 
/sub was then measured at room temperature. Since / su b 
changes about 0.5% from room temperature to 4K, we 
assume G su b and Ggi m to be temperature independent in 
Eqs.HandEI 



III. ELASTIC PROPERTIES: 
MODEL 



THE TUNNELING 



foot. The main axes are along the (110) orientation. On 
the back of the DPO a metal film (30 A Cr and 500 A Au) 
was deposited from the foot up to the wings but not on 
the neck and the head. The DPO was then clamped to 
an invar block using invar screws and a precision torque 
wrench. This minimized the effect of thermal contrac- 
tion during cool down and ensured reproducibility after 
repeated remounting of the same DPO. Two electrodes 
were coupled to the wings from the back side so that 
the DPO could be driven and detected capacitively. For 
our internal friction measurements, we used the so-called 
second antisymmetric mode oscillating at ^5500 Hz. It 
has an exceptionally small background internal friction 
Q- 1 m 2 x 10~ 8 at low temperatures (T < 10 K) which 
is reproducible within ±10% for different DPOs. The 
small Q^ 1 is attributed to its unique design and mode 
shape. During oscillation, the head and the wings vi- 
brate against each other, which leads to a torsional os- 
cillation of the neck while leaving the leg and the foot 
with little vibration, minimizing the external loss. The 
film to be studied was deposited onto the neck (hatched 
area in Fig.|y. The internal friction results presented in 
this work were obtained exclusively using this mode for 
maximum detection sensitivity. 

Deposition of a thin film onto the DPO changes its in- 
ternal friction, Qosc, as weu as its resonance frequency, 
/ osc , from those of a bare DPO, Q~* h and / su b, respec- 
tively. From the difference, the shear modulus and the 
internal friction of the film can be calculated through 
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(2) 



(3) 



The Tunneling Model explains and predicts a variety 
of low-temperature properties of amorphous solids. For 
comparison with experimental results in the later sec- 
tions, we summarize here the expected elastic proper- 
ties of insulating amorphous solids. More details can be 
found in Ref.l27L 

The internal friction, which measures the elastic en- 
ergy loss per oscillation cycle relative to the total elastic 
energy stored in the system, can be described in two lim- 
iting cases. At low enough temperatures, the maximum 
relaxation rate, t"^, of TLS is too slow to respond to 
the oscillations of the strain field at a frequency, u, i.e. 
T max ^ 10 ■ As a result, the contribution of TLS to in- 
ternal friction drops off as T 3 . At higher temperatures, 
where t~^ x 3> to, there always exist some TLS with a 
relaxation rate r^ 1 that satisfies lot — 1 to cause a typ- 
ical Debye relaxation event. Together with the fact that 
the density of TLS is constant in both energy and re- 
laxation time — a fundamental assumption of the Tunnel- 
ing Model — one gets a temperature independent internal 
friction: 
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(4) 
(5) 



where T co is the crossover temperature determined by 
wr max — 1- We call Qq 1 the internal friction plateau. 
Since Q^ 1 is directly proportional to the tunneling 
strength G defined in Eq.^ the internal friction plateau 
is not only independent of temperature but also indepen- 
dent of the measuring frequency. It should be as univer- 
sal as G, varying with materials being measured between 
1.5 x 10~ 4 and 1.5 x 10~ 3 . 
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The same relaxational process that contributes to the 
internal friction also contributes to the speed of sound at 
T > T co as 
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(6) 



where vq is the speed of sound at an arbitrary reference 
temperature To, typically the lowest temperature being 
measured. There is also a resonant contribution to the 
speed of sound at any given temperature: 
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Combining both, we have: 



— = Cln^ (T«T co ), 
vo T 

— = -^Cln^- (T»T co ). 
v 2 T 



(7) 

(8) 
(9) 



This results in a maximum in Av/vo vs. T at T co . 

As the temperature goes higher to above a few Kelvin 
and up to tens of Kelvin, Bellessa^ found that the Av /vq 
deviates from the logarithmic temperature dependence 
given in Eq.|5|and varies linearly with temperature: 



^ = -(3{T-To). 
vo 



(10) 



By compiling data on the linear variation of the speed of 
sound described by White and Pohl 29 summarized 

an empirical relationship between the slope, /3, and the 
internal friction plateau Qq 1 '. 



(11) 



This relation was found to hold for both amorphous solids 
and disordered crystals that behave like a glass^ It was 
later found to hold for a-Si and a-Ge as well^ 



IV. RESULTS 

The internal frictions of the six DPOs carrying a-C 
films are shown in Fig.[3 together with a DPO carrying 
a nanocrystallinc diamond film deposited by chemical va- 
por deposition^ The solid line labelled "background" is 
the internal friction of a bare DPO, Q~^ h , used in Eq.0 
To calculate Qf^, we need to obtain Gfu m from Eq.0 
Since the second term in Eq.|3] is about two orders of 
magnitude smaller than the first, we drop it from our 
calculation. The results are shown in Table |U We find 
that Gfiim varies between 220 and 254 GPa and does not 
depend on laser fluence or sp 3 /sp 2 ratio in any significant 
way. For convenience, we use Gaim — 250 GPa in our 
calculation for all six films. Although sp 3 /sp 2 ratio de- 
pendence has been reported for elastic moduli, the shear 
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FIG. 2: The internal frictions of double-paddle oscillators 
carrying a-C films with different laser fluences labelled in 
the figure, and a 350 nm thick nanocrystalline diamond film 
taken from Ref.l30t The background internal friction of a bare 
double-paddle oscillator is shown as a solid line. 
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FIG. 3: The internal frictions of a-C films with different laser 
fluences labelled in the figure, and of a 350 nm thick nanocrys- 
talline diamond film taken from Ref.l30l The internal friction 
of bulk a-Si02, taken from Ref.ETlL is shown for comparison. 
The double arrow denotes the "glassy range" explained in the 
text. 
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moduli determined in this work are within the range of 
the literature values: Using a surface Brillouin scattering 
technique, Ferrari et al£& determined the shear modulus 
G of a 76 nm thick a-C film with 88% sp 3 deposited by an 
S-bend filtered cathodic vacuum arc to be 337 GPa. Us- 
ing the same deposition and measuring techniques, Beghi 
et al££ later reported G = 130-210 GPa for an 8 nm thick 
film and G = 70-130 GPa for a 4.5 nm thick film. Mar- 
ques et alM> reported Young's modulus could increase 
from 40 to 120 GPa in a series of hydrogenated a-C films 
when sp 3 concentration increases from 40 to 65%. 

Using Eq.|3 we show in Fig. [3] the internal frictions 
of the six a-C films as well as the nanocrystalline di- 
amond film for comparison. Both the a-C films and 
the nanocrystalline diamond film have an internal fric- 
tion quite independent of temperature below 20 K. The 
a-C films have at least one order of magnitude higher 
internal frictions than that of the nanocrystalline dia- 
mond film, although one would expect the internal fric- 
tion of nanocrystalline diamond film to be much smaller. 
The internal friction of the nanocrystalline diamond film 
is attributed to a highly disordered interfacial layer be- 
tween the film and silicon substrate, where the inter- 
nal friction could be even higher than in its amorphous 
counterpart. 30 Thus, for the most part of the thickness 
above the interfacial layer, we could infer that the inter- 
nal friction may indeed be much smaller. 

The internal frictions of the a-C films bear the sig- 
nature of TLS in terms of its temperature independent 
plateau, Qq 1 , at low temperatures, although its magni- 
tude is slightly lower than in a typical amorphous solid, 
as noted in section ITTT1 Apparently, the lowest measured 
temperature is not low enough to allow us to observe the 
T 3 drop-off of Eq.0] In Fig.|3 the double arrow shows 
the range of the universal internal friction plateau, in 
which virtually all other amorphous solids lie. It is often 
called the "glassy range." Also shown in Fig. [3] is the in- 
ternal friction of the prototypical glass, amorphous Si02 
(a-Si02) measured at 4500 Hz^l In our previous study on 
a-C films prepared at the Naval Research Laboratory, 14 
we found that their internal friction plateaus can vary 
over an order of magnitude depending on laser fluences, 
dopings, and annealing, with the highest internal friction 
still below the glassy range. Our current results are con- 
sistent with those of the earlier study in the sense that 
the values of internal friction plateau below 20 K fall in 
the same order of magnitude and they are all below the 
glassy range. In this study, we vary the laser fluence over 
such a wide range that we can observe a clear nonmono- 
tonic variation of the internal friction. As the tempera- 
ture increases, the internal frictions start to rise at about 
50 K, above which they show much less laser fluence de- 
pendence than at lower temperatures, similar to what we 
observed previously on unannealed films. 

To illustrate the laser fluence dependence, we show in 
Fig.QJthe internal frictions of a-C films at 1 K (also listed 
in Table QJ, representing the plateau, versus laser flu- 
ence. The internal friction rises by a factor of 2 with 




FIG. 4: The internal frictions of a-C films at 1 K representing 
the plateau Qq 1 (left Y-axis) and residual compressive stress 
in the films after deposition (right Y-axis) versus laser fluence. 
The residual stress data are taken from Ref.[2i| measured on 
a series of similarly prepared a-C films. The vertical dashed 
line indicates the structural transition at ft — 5 J/ cm 2 from 
primarily disordered graphitic glass to a tetrahedrally bonded 
amorphous solid. 



the initial increase of laser fluence from 1.5J/cm 2 and 
reaches a maximum at 10J/cm 2 . As the laser fluence 
further increases, Qq 1 drops off and becomes as low at 
highest fluence as it was at the lowest fluence. The vari- 
ation of internal residual stress measured on a series of 
similarly prepared films by the same Trento group^ is 
also plotted in Fig.0] The stress is compressive. One 
can see that the initial increase of the internal friction 
correlates with the initial increase of the residual stress. 
At a laser fluence of about 10 J/cm 2 , the residual stress 
has reached saturation at about 1.6-2.0 GPa which coin- 
cides with the maximum Qq 1 . The vertical dashed line 
at 5 J/cm 2 in Fig.0] indicates the structural transition of 
the a-C films from primarily disordered graphitic glass to 
a tetrahedrally bonded amorphous solid, as observed by 
the studies of Raman spectroscopy, infrared transmission 
spectroscopy, and X-ray reflectivityiSi* 2 ^ 

Fig.[5] shows the relative change of the speed of sound 
up to 30 K for the six a-C films and the nanocrystalline 
diamond film. The data for the nanocrystalline diamond 
film has been shifted upwards for clarity. To our surprise, 
in this temperature range, Av/vq for all a-C films does 
not follow the linear temperature dependence expressed 
in Eq. (|10fl as a typical amorphous solid. Instead, it in- 
creases with temperature, develops a maximum between 
3 and 7K, and finally decreases with temperature linearly 
with a slope j3 (Eq. llOfl varying between 2.1 x 10~ 6 and 
5.7 x 10 K , more than 30 times smaller than that of 
the bulk a-Si02 , also shown in Fig. [5] The location of the 
maxima depends strongly on laser fluence. In fact, both 
the height and the value of the maximum follow the same 
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FIG. 5: The relative changes of the speed of sound for the six 
os-C films with different laser fluences labelled in the figure. 
The data for a 350 nm thick nanocrystalline diamond film, 
taken from Ref. l3fi are shown for comparison. It is shifted 
upward for clarity purpose. The data for bulk a-Si02, taken 
from Ref.l.Sll are also shown for comparison. The two straight 
lines indicate the linear temperature dependence discussed in 
the text. 

nonmonotonic dependence on laser fluence as the internal 
friction in the same temperature range. For crystals, one 
would expect a temperature independent Av/i>o in this 
temperature range. But the Au/i>o of the nanocrystalline 
diamond film shows an initial strong increase below 2K, 
superimposed by a slower increase that eventually devel- 
ops a broad maximum at above 100 K (not shown, see 
Ref.l30l for details). The anomalous Av/i>o for both the 
a-C films and the nanocrystalline diamond film is excep- 
tional and will be discussed below. 



V. DISCUSSIONS 
A. Tunneling states in a-C films 

Taking into account of our previous studies we 
summarize that the internal friction plateaus of all a-C 
films that we have studied so far are below the "glassy 
range." The smallest internal friction that we have ever 
observed, a-C doped with nitrogen^ is about one or- 
der of magnitude below the "glassy range." In a-Si films, 
we have reached an internal friction about three orders of 
magnitude below the "glassy range" using hot-wire chem- 
ical vapor deposition that incorporates approximately 1 
at.% hydrogen^ii We believe that by exploring differ- 
ent deposition techniques and the parameter space, one 



could further lower the internal friction in a-C films. In 
contrast, among all the other amorphous solids studied 
so far, the lowest internal frictions that have been re- 
ported are only about a factor of 2 below the "glassy 
range" in a couple of metallic glasses (for a review, see 
Ref-U) . Hence, our current study gives further support to 
the conclusion that we reached earlier, which is the den- 
sity of TLS is generally smaller in amorphous structures 
in which the atoms are predominately four-fold tetrahe- 
drally bonded. 

The main focus of this work is, however, to vary the 
laser fluence so that the mean coordination number could 
be varied systematically. The nonmonotonic dependence 
of Q^ 1 on laser fluence in Fig.0]shows that the tunneling 
strength is more sensitive to the internal strain than to 
the mean coordination number. Nonetheless, as the in- 
ternal strain reaches a saturation at a fluence of 10 J/cm 2 , 
we start to observe a clear dependence of Qq 1 with laser 
fluence: Qq 1 decreases with the increase of the fluence. 
This is consistent with Phillips' original argument^ and 
the constraint counting modeli 5 -^ explained in the sec- 
tion IJ To our knowledge, this is the first experiment 
to study the coordination number dependence of TLS 
at 3 < to < 4. In addition, our system, consisting of 
monatomic carbon atoms with either sp 2 or sp 3 bond- 
ing, does not suffer from a stoichiometric effect which is 
typical in binary or ternary systems. 35 

The important role played by internal strain in the 
generation of TLS in amorphous solids has been demon- 
strated before: Watson^ has shown that when less than 
1 mole % CN~ ions are doped into either KC1 or KBr 
crystal, CN _ can cause Schottky anomalies by tunneling 
between degenerate orientation sites. This results in a 
narrow peak in specific heat, thermal conductivity, and 
internal friction at low temperatures. When the crys- 
tal is strained by intermixing KC1 and KBr half and 
half, however, a broad distribution of tunneling states, 
as in an amorphous solid, occurs. One of our previous 
studies^ has shown that ion implantation into silicon 
crystals not only generates individual defects, such as di- 
vacancies, but also accumulates compressive strain by in- 
jection of energetic ions. An internal friction plateau as in 
an amorphous solid results as the strain saturates regard- 
less of whether the material becomes amorphous or not. 
In this work, internal strain is caused by the injection of 
carbon ions into the film. The higher the laser fluence, 
the higher the internal strain, and the higher the internal 
friction plateau, until a saturation is reached. Our earlier 
study reached a similar, but less obvious, conclusion that 
the reduction of internal strain by means of doping and 
annealing results in a reduction of Qq 1 in a-C films^ 

The competition between internal strain and tetrahe- 
dral bonding observed here helps to explain the ques- 
tion that if the TLS indeed originate from the excess 
degrees of freedom, why there is still a significant density 
of TLS left in a-C films which are predominately four- 
fold or threefold bonded. Watson 3 - 6 demonstrated that 
as long as the internal strain is strong, a doping of CN~ 
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as small as 0.2 mole % is enough to cause KCl-KBr crys- 
tal to behave like a glass. But the internal strain alone 
by intermixing KC1 and KBr does not result in TLS. The 
situation is similar to our a-C films: the existence of in- 
dividual local tunneling defects, no matter how small, 
is a necessity while the internal strain is vital in caus- 
ing TLS and in determining the density and strength of 
the TLS. Had the residual stress not saturated in Fig.01 
Qq 1 might increase further. In other words, even though 
the density of local tunneling defects might be low in 
a primarily fourfold and threefold coordinated system, 
the TLS could be just as strong as in other amorphous 
solids in the presence of high internal strain. The same is 
true in a-Si: the smallest internal friction — three orders 
of magnitude below the "glassy range" — is observed in 
films whose residual stress is essentially zeroi^ 

While the internal frictions of all the six a-C films 
shown in Fig-El ar e typical for an amorphous solid, the 
maxima in Av/vq at about 3-7 K shown in Fig. [S] may 
have a different origin. If the maxima were as a result 
of a transition from resonant to relaxational processes 
of TLS expressed in Eqs.|Hland|ni one would expect the 
internal frictions in Fig.|31 to start to drop off at about 
the same temperature as defined in Eqs.0] and |5j This 
is certainly not the case. Since the lower temperature 
sides of the maxima resemble that of the nanocrystalline 
diamond film also plotted in FigJSJ we suggest that they 
may have a common origin which we still do not under- 
stand, such as an interfacial effect or a defect mode. 

For the nanocrystalline diamond film, the broad max- 
imum in Av/vq at about 100 K has been attributed to 
the differential contraction between silicon substrate and 
nanocrystalline diamond film^S The same differential 
contraction effect is expected to be larger between an 
a-C film and its crystalline silicon substrate since the co- 
efficient of linear thermal expansion of a-C films is about 
2-3 times larger than in its crystalline counterpart. 38,39 It 
is, therefore, reasonable to think that the negative slope 
of linear temperature variation above the maximum in 
Av/vq expressed in Eg . 1101 is superimposed onto a posi- 
tive slope due to differential contraction. That could ex- 
plain why P is more than one order of magnitude smaller 
than Qq 1 /2 as would be expected from Eg. 1111 



B. Microscopic origin and theoretical 
considerations 

In order to gain some insight as to what has become 
of the TLS in a-C films, it is necessary to take a close 
look at the microstructure as it varies with laser fluence. 
StudiesSL^ 3 . have shown that the sp 3 / sp 2 ratio does not 
follow the fluence in a linear fashion. Rather, a signifi- 
cant portion of the increase of the sp 3 concentration hap- 
pens as the structure undergoes a transition from primar- 
ily disordered graphitic glass to a tetrahedrally bonded 
amorphous solid at a threshold fluence of 5 J/ cm 2 . Start- 
ing at low fluences, sp 2 rings make a sizable proportion of 



sp 2 bonds. With increasing fluence, the concentration of 
sp 2 rings drops down quickly, vanishes even well before 
the threshold is reached, and is replaced by sp 2 chains 
and clusters. After passing the threshold fluence, the sp 3 
concentration rises rapidly to about 80%, and barely in- 
creases after that. In the middle range of fluences, sp 3 in- 
termixes with sp 2 by breaking down sp 2 chains and clus- 
ters. A film has maximum disorder in this middle range, 
because there are a wide range of configurations with dif- 
ferent local microstructure and phonon modes during the 
intermixing phase. Intermixing sp 2 and sp 3 also serves to 
release the internal strain that originates from the rigid 
tetrahedral bonding. 

The microstructure of the a-C films can also be viewed 
from a film growth point of view. Under pulsed laser 
flash, the ablated particles in the plume consist of C, C2, 
C + , and C ++ . The film will be graphitic if only neu- 
tral, low-energy particles arrive on the substrate. The 
C + ions are directly responsible for the growth of tetra- 
hedral structure. The higher the laser fluence, the higher 
energy of C + ions impinging onto the film; the excess en- 
ergy densities the film, generates compressive strain, and 
transforms sp 2 to sp 3 . Depending on deposition condi- 
tions, high strain could be partially released by a self- 
annealing process. This situation is similar to the gener- 
ation of TLS induced by ion-implantation in crystalline 
silicon^ 

The mass density of our a-C films increases with laser 
fluencet^ 3 . below the threshold, it is about 2.0-2.2 g/cm 3 ; 
above that, 2.9-3.0g/cm 3 . The nonmonotonic depen- 
dence of Qq 1 on fluence that we observed here, however, 
does not support a simple relationship between Q^ 1 and 
the mass density. If we have to correlate the nonmono- 
tonic dependence of Q^ 1 in Fig. 0] to its microstructure, 
it is the overall disorder caused by intermixing of sp 2 and 
sp 3 that Qq" 1 follows, rather than any individual bond- 
ing configuration. Similar to a-Si and a-Ge films^ a- 
C films are prepared under nonequilibrium conditions; 
local floppy modes may arise from locally defective, ef- 
fectively underconstrained, regions due to inhomogeneity 
and internal strain of the films. More detailed micro- 
scopic mechanisms of TLS in tetrahedral systems have 
been suggestedi 40 ' 41 

Based on our observations, the internal strain may 
have two different effects in generating TLS and in pre- 
serving the universality: The first is to spread the tunnel- 
ing frequencies by modifying local potentials. The strain 
induced deformation may also remove some of the lo- 
cal tunneling defects, and the ultimate yield strain may 
keep the number of effective tunneling defects down to a 
certain level in an amorphous solid. This explanation 
is consistent with the classical noninteracting Tunnel- 
ing Model. The second is to mediate strain interactions 
among the local tunneling defects that not only give rise 
to a continuous energy distribution but also limit the to- 
tal density of TLS, as first proposed by Klein et al. in 
1978i 4 £. The latter scenario seems to be gaining ground 
as more and more evidence of interactions of tunneling 
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defects has been reported in recent yearsiS&a&SiaSiai In 

the present work, we are able to vary C systematically 
by a factor of 2 in a relatively simple monatomic system; 
though it is not much, it may provide a unique testing 
ground for theories that tackle the problem of universal- 
ity. Let's consider a few examples here: 

Based on the soft-potential model, Parshini& consid- 
ered the interaction of all defects: not only the tunneling 
defects, but also defects capable of creating a deformation 
around themselves. He was able to explain the univer- 
sality and the smallness of C, and to get an approximate 
correlation between C and the macroscopic parameters 
of amorphous solids as C ~ p 1 / 3 t>M~ 5 / 6 M~ 1 / 2 , where 
M and M are the mean mass of the system and the ef- 
fective mass of the tunneling object, respectively. For 
our a-C films, however, a variation of C by a factor of 
2 would require M to vary by a factor of 4. Adopting 
a spin-glass approach, Killing, correlates C to the glass 
transition temperature T c as C ~ T c 3 ^ 4 , and a non- 
monotonic variation of T c on laser fluence would become 
a key test of the theory. Turlako\*S recently developed 
a clastohydrodynamic theory to explain the universality 
of A/7, calculating C ~ X/l ~ (et/£) 3 , where a and £ are 
interatomic distance and correlation length of disorder. 
This would indicate that C is related to some kind of 
medium range order of an amorphous system. At this 
point, we can only say that more specific work is needed 
to understand the universality of C, and the parameters 
that could eventually tune it. 

VI. CONCLUSION 

Amorphous carbon films, like a-Si and a-Ge films, have 
vibrational low-energy excitations that can be described 



by the Tunneling Model. Their density of TLS, how- 
ever, is consistently smaller than most of the other amor- 
phous solids, presumably due to their four- fold tetrahe- 
dral bonding. Varying the sp 3 /sp 2 ratio from 40 to 80% 
in the film leads to a nonmonotonic change of the in- 
ternal friction plateau Q^ 1 and, therefore, the tunneling 
strength C. This has been viewed as a competition be- 
tween the effect of tetrahedral bonding and the internal 
strain. Our results emphasize the effects of random stress 
in the generation of TLS: as long as there is at least a mi- 
nuscule amount of local tunneling defects, random stress 
will transform them into TLS, by either redistributing 
their energies, mediating mutual interactions, or both. 
The TLS in a-C films does not seem to correlate to any 
particular type of microstructure, rather, the overall dis- 
order. The anomalous behavior found in the relative 
variation of speed of sound in a-C is attributed to the 
effects of substrate and interfaces that would occur in 
their crystalline counterparts as well. We hope the laser 
fluence dependence of C found in this relatively simple 
monatomic system may help to bridge the gap between 
experiments and theories concerning the universality of 
amorphous solids. 
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